The corticospinal tract (CST) forms the major descending pathway mediating voluntary hand movements in primates, and originates from $nine cortical subdivisions in the macaque. While the terminals of spared motor CST axons are known to sprout locally within the cord in response to spinal injury, little is known about the response of the other CST subcomponents.
function following CST injury (Carmel, Kimura, Berrol, & Martin, 2013; Jiang, Zaaimi, & Martin, 2016; Lindau et al., 2014; Weidner, Ner, Salimi, & Tuszynski, 2001) , though the motor and somatosensory CST subcomponents have not been clearly differentiated. In primates, the M1 CST has similarly been linked to the recovery of hand function after SCI (Friedli et al., 2015; Galea & Darian-Smith, 1997a , 1997b Rosenzweig et al., 2010) , but until recently, nothing was known specifically about the primary somatosensory CSTs contribution following SCI. We now know that following a peripheral dorsal root lesion (DRL) (Darian-Smith, Lilak, & Alarcon, 2013; Darian-Smith, Lilak, Garner, & Irvine, 2014) , the M1 CST remains robust but does not sprout significantly beyond its normal terminal territory, while the S1 (Areas 3b/1) CST retracts to 60% of its normal terminal territory. Additionally, when the cuneate fasciculus of the dorsal column (DCL) is also cut to create a combined DRL/DCL, to better simulate a clinical injury, both the M1 and S1 CSTs sprout dramatically in the ensuing months (Darian-Smith et al., 2014) . The CST terminal sprouting from Areas 3b/1 has been shown to be particularly striking (see Figure 4 summarizing earlier findings), given the 40% retraction of this pathway following the DRL alone.
These findings raised the following questions, which we address in the present study: Why was there a retraction of the Areas 3b/1 CST and little evidence of M1 CST terminal sprouting following a peripheral deafferentation, but extensive bilateral terminal sprouting when a small cuneate fasciculus lesion was added to the injury? Was the M1 and S1
CST axonal sprouting observed following the combined lesion a direct result of the central nervous system being injured, or was it the result of an interaction or summation of the two lesions (one peripheral and one central)? To address this gap in our understanding, we selectively lesioned the cuneate fasciculus of the dorsal column on its own. This created a purely central (partial primary afferent) injury. We then compared CST responses of this central lesion on its own, with data from monkeys used in earlier investigations (Darian-Smith et al., 2013 , 2014 , where animals had received either a peripheral (DRL), or combined DRL/DCL.
The DRLs (i.e., dorsal rhizotomies) alone removed all detectable primary afferent input (i.e., cutaneous, proprioceptive, spinothalamic, spinoreticular, etc.) , from the first three digits of one hand. The DCL, in contrast, which only involved the lateral cuneate fasciculus in our animals (see Figures 1 and 2) , caused a less debilitating partial deafferentation, since it removed the major mechanoreceptor and proprioceptor inputs from the hand (and part of the arm), but left spinothalamic, spinoreticular, and other central pathways intact.
Though dorsal column lesions are partial deafferentations, they are known to induce large scale reorganization upstream in the cuneate nucleus (Kambi et al., 2014) , thalamus (Jain, Qi, Collins, & Kaas, 2008) , and cortex (Qi, Chen, & Kaas, 2011) . Since our lesion models are precise and repeatable our experimental approach allows us to dissect out specific pathway responses and involvement in small numbers of animals; something not possible otherwise.
Our findings indicate that even a small central DCL is critical for extensive CST terminal sprouting to occur during the post-lesion months, and that combined peripheral and central injuries result in termination patterns that reflect a complex interaction between the peripheral and central lesion components. Understanding such interactions provides insight into the mechanisms that drive recovery in more complex clinical injuries, where both peripheral and central elements are typically involved.
| MATERIALS AND METHODS
Data were combined from 10 monkeys in this study (2 DCL, 6 DRL, and 2 combined DRL/DCL; see Table 2 ). Some of the data from eight of these monkeys were used in earlier studies (Darian-Smith et al., 2013 , 2014 . Additional data were obtained however from all monkeys used in previous reports, to ensure that data sets were comparable across animals. Importantly, the experimental methods used throughout these experiments were always the same unless specifically indicated (e.g., the different lesion types).
All monkeys were healthy young adult male macaques (Macaca fascicularis; 2.0-3.8 kg, s.d. AE 0.57, 3.5-4.5 years old). Monkeys were colony bred (Charles River), and housed individually at the Stanford Research Animal Facility, with access to four unit cages (64 cm × 60 cm × 77 cm, depth × width × height per each unit) in a room with other monkeys and a 12 hr light/dark cycle. Animals had freely available water and primate diet, supplemented daily with fresh fruit, vegetables, and a variety of nuts, cereal, and novel foods. They also had daily enrichment in the form of behavioral training, primate toys, videos, and music.
All animal procedures were carried out in accordance with National Institutes of Health guidelines and ethical approval was granted by the Stanford University Institutional Animal Care and Use Committee.
All monkeys underwent an identical sequence of procedures, the details of which are provided below. These included an initial laminectomy, during which recordings were made from dorsal rootlets and lesions created. Approximately 5 months later, they underwent a bilateral craniotomy, during which the S1 cortex was mapped electrophysiologically, and tracer injections were made into S1 and motor cortex.
Monkeys then survived for an additional 6-7 weeks, at which point they were perfused for tissue processing. Details and timelines are provided for each animal in Table 2 .
| Surgical procedures
For all surgical procedures, anesthesia was induced with ketamine hydrochloride (10 mg/kg), and surgery performed using gaseous anesthesia maintained with isoflurane (1-2% in/1% O 2 ), using a standard open circuit anesthetic machine. Atropine sulfate (0.05 mg/kg), 
S1
Primary somatosensory cortex (areas 31, 3b, 1, and 2). In this study our injections only targeted areas 3b/1 buprenorphine (0.015mg/kg), and the antibiotic cefazolin (20 mg/kg) were administered initially as loading doses, and saline was infused (i.v.) throughout surgery to maintain fluid balance.
Monkeys were kept warm using a thermostatically controlled heating pad and an air blanket (Bair Hugger). Physiological signs were monitored throughout surgery to ensure a deep, stable anesthesia (i.e., blood pressure, heart rate, pulse oximetry, and capnography , core temperature).
Spinal cord lesions were unilateral (laterality is indicated in Table 2 ), and the lesion was made on the side of the dominant hand to encourage its use following injury. Hand preference was assessed where possible with behavioral reach retrieval training, and the dominant side identified as the preferred hand for food retrieval and manipulation.
| Dorsal column lesion
A laminectomy was performed to expose spinal segments C5-C8. The dura was resected to provide dorsal access to the cervical spinal cord, and unilateral electrophysiological recordings were made from dorsal rootlets to construct a microdermatome map (Darian-Smith & Brown, 2000) . After identification of the rootlets with receptive fields on digits 1-3, the cuneate fasciculus component of the dorsal column was cut unilaterally (within C5) level with the detectable rostral border of thumb input, using a micro scalpel (Micro-Scalpel, Feather, 15 ).
The blade was marked 2 mm from the tip to guide the depth of the lesion. The overlying tissue was then sutured in layers and the skin closed. Cutting the cuneate fasciculus of the dorsal column at the rostral entry of input from digit 3 ensured that lesions were as functionally comparable as possible.
| DRL and DRL/DCL lesions
Dorsal rhizotomies and combined lesions were made as described above and in previous studies (Darian-Smith et al., 2013 , 2014 . For the DRL component, only rootlets with detectable cutaneous RFs on the thumb, index, and middle fingers were cut.
| Craniotomy
Following the initial lesion, monkeys were allowed to recover over 9-18 weeks (see Table 2 for details of all animals used). They then underwent a second surgery during which a craniotomy was made over the central sulcus to expose the "hand" region of the sensorimotor cortices bilaterally. Bone was removed (~1 cm 2 ) over this area, and small windows of dura opened to expose the brain surface. Receptive fields in S1 were then mapped electrophysiologically to determine the appropriate placement of tracer injections within the "hand" region (D1-3) of Areas 3b/1. Cortical movement was dampened, when necessary, during recording sessions using 3% agarose (in saline). This was removed prior to tracer injection.
Buprenorphine (0.01-0.02 mg/kg) was administered following all surgeries as a post-operative analgesic and monkeys were returned to 
| Cortical recordings
The somatosensory cortex was mapped in all monkeys at~3-4 months post lesion (see Table 2 ), using extracellular recordings, as described for spinal cord mapping. This time period was used because previous studies in our lab have shown that cortical maps (and functional recovery) consistently take~3 months to stabilize following deafferentation (Darian-Smith et al., 2013 , 2014 . At the timepoint used in this study, we had little difficulty eliciting detailed receptive field maps within S1. Whilst we sometimes observed aberrant cell discharge and there was usually clear evidence of reorganization, it remained possible to activate cortical cells through stimulation of digits 1-3. Cortical recordings in Areas 3b/1 allowed us to determine where input from the partially deafferented digits was localized. Tracer injections (see below) were then made bilaterally into the region of D1-3 representation in Areas 3b/1 in S1, and into the homologous region of primary motor cortex anterior to the central sulcus ( Figure 1 ). We did not use intracortical microstimulation in M1, since this requires a different anesthetic agent, which would have prolonged surgery. However, it is well documented that digit representations are reflected across the central sulcus in primates (Penfield & Boldrey, 1937; Woolsey, 1958) .
Once tracer injections were complete, the bone flap was replaced and secured using bone wax and Vetbond tissue adhesive, and the overlying incision closed.
| Tracer injections
Anterograde tracers were injected into the D1-3 region of the sensorimotor cortex. This ensured that only the CST fibers most affected by the deafferentation were labeled and that injection series were comparable, as defined electrophysiologically, in the two hemispheres.
Biotinylated Dextran Amine (BDA, 15% aqueous, Sigma B9139, St
Louis, MO, USA), and Lucifer Yellow Dextran (LYD, 15% aqueous, ThermoFisher D1825, Waltham, MA, USA) were injected into M1 and S1 as indicated in Table 2 . Injections were made using a constantpressure Hamilton syringe held in a micromanipulator, with a glass micropipette (diameter ≤30 μm) attached using fast curing (5 min) Araldite. Injections (0.3 μL) were made at a 0.8-1 mm depth, and kept in place for 2 min post-injection. Animals were kept for~6 weeks following the craniotomy to allow sufficient time for tracer uptake.
| Perfusion and tissue processing
Following the induction of anesthesia with Ketamine, and isoflurane (see Surgical Procedures above), monkeys were given a lethal dose of sodium pentobarbital (Beuthanasia, i.v.; minimum 100 mg/kg). They were then perfused through the heart with heparinized phosphate buffered saline (0.1 M), followed by 4% paraformaldehyde, to fix the 
| Tracing terminal fields and image processing
The terminal distributions of labeled axons were mapped using Neurolucida software (MBF bioscience) in combination with a Lucivid projection (MBF Bioscience). Maps were made for a series of sections, ranging from C1 to T6 and separated by 400 μm. Contours were drawn around the mapped boutons to outline the distribution territory and the area of this was calculated. Outlying boutons were not included if they were few in number (<5) since they constitute less than 1% of the total population.
Overall terminal field volumes were calculated (in 6 monkeys:
DCL-1401, 1403; DRL-603, 1108; DRL/DCL-1106, 1100), by multiplying area (within each section) by inter-section distance and section thickness.
| Statistical analysis
Statistical analyses were restricted to the C6-C8 segments, for several . These data were analyzed as a restricted maximum likelihood (REML) mixed model in SAS 9.4 for Windows, as described below. The assumptions of mixed models (homogeneity of variance, linearity, and normality of error) were tested post hoc, and the data were angular transformed to meet these assumptions, as one would expect for a percentage score (Grafen & Hails, 2002) .
We used a repeated measures approach to control for systematic variation between animals (Newman, 1997), by comparing matched section position along the cord, ipsi-versus contralateral distribution patterns (relative to lesion), and the dorsal/medial/ventral regions within each section (i.e., repeated measures were made within each animal using these three variables). This approach greatly increases statistical power, despite the relatively small number of animals (Darian-Smith et al., 2014; Festing, 2014; McConway, 1992; Still, 1982) . Projections from M1 and S1 cortex were analyzed separately using the same model. Subject (i.e., monkey) was nested within lesion type (i.e., DRL, DCL, or DRL/DCL). Cord position was controlled for as a quadratic term (given that the relationship between the lesion and the terminal distribution was likely to be curvilinear).
Section subregion (area = D, M, or V), treatment (lesion type), and section side (contra-versus ipsilateral to the lesion) were included, and a three-way interaction was used to calculate least-squaresmeans (LSM) and standard errors, controlled for monkey and cord position. These means were then tested using custom contrasts (Ftests) that directly assessed each of our research questions:
First, we compared each subregion (D, M, V) with the corresponding control, defined as the contralateral DRL terminal distribution area mean (Cheema, Rustioni, & Whitsel, 1984; Darian-Smith et al., 2013 , 2014 Galea & Darian-Smith, 1997a In a separate analysis (Figure 7b ), we used the same statistical approach (above), but pooled data from the dorsal, medial, and ventral subdivisions. The extent of terminal labeling was compared between the two sides of the spinal cord relative to the lesion, both within lesion groups and across lesion groups to determine differences. Data were collected and analyzed as described above from six monkeys (two from each of the three lesion groups), to create histograms showing CST terminal areas (normalized as a percentage of the spinal gray area), both ipsi-and contralateral to the lesion.
| RESULTS
The M1 and S1 corticospinal terminal territories were assessed in monkeys 4-5 months following a dorsal column lesion (within the C5 segment), and compared with animals from previous studies who had received either a DRL or a combined DRL/DCL. Only projections from D1-D3 representational fields were labeled and analyzed, since these were the cortical regions most affected by the deafferentation, and most closely associated with digit opposition and finely controlled dexterity.
| Extent of dorsal column lesions
Dorsal column lesions were highly consistent between animals and limited to the cuneate fasciculus (see, Figure 1a ,b for DCL only and Figure 1e for DRL/DCL; Darian-Smith et al., 2014). There may have been minor sparing of the cuneate fasciculus medially, which is topographically associated with input from more radial (i.e., D5) hand regions. As such, we removed the majority of fast conducting cutaneous inputs from the digits of the ipsilateral hand, as well as the proprioceptive information, to the cuneate nucleus of the brainstem (and in turn all higher order structures). Importantly, when a DCL was made alone, the spinothalamic, spinoreticular, and spinocerebellar tracts remained intact so the injury was specific to the cutaneous and proprioceptive afferents of the forelimb/hand.
| Behavioral observations following a DCL alone
No formal behavioral data were collected for these animals following injury. Our observations, however, indicated an initially subtle deficit, which was most easily seen when animals performed a reach retrieval grasp task, identical to that used in earlier work (Darian-Smith & Ciferri, 2005) . Though these data were insufficient to quantify, they were consistent with earlier documented reports of dorsal column injury in monkeys, where recovery largely occurred over the first 2-3 months leaving only subtle long-term deficits in fine tactile discrimination and fractionation Lassek, 1954; Leonard et al., 1992; Qi, Kaas, & Reed, 2014) .
| Cortical tracer injection sites
Anterograde tracer injection sites were determined using classic single or multi-unit recordings to map receptive fields and somatotopy in the region of hand representation in the S1 cortex (Area 3b/1) opposite the side of the lesion. We only injected the areas of M1 and S1
directly involved with activity in digits 1-3 of the hand. The relative placement of these injection sites are shown for both DCL animals in Figure 1c ,d. Note that tracer injections were made bilaterally (Table 2 ). 
| Sensory CST projections

| Statistical analysis
A more detailed statistical analysis of terminal labeling patterns within segments C5-C8 allowed us to compare CST terminal bouton patterns between the DCL, DRL, and combined lesion types (Figure 7 ).
The goal here was first to compare DCL sprouting relative to control (taken as the contralateral labeling in DRL monkeys), second to use our DCL data to assess whether or not peripheral and central lesions interact to produce CST terminal labeling patterns, and third to compare DCL with DRL/DCL labeling patterns. 3.5.2 | Is DRL/DCL sprouting a simple sum of DRL and DCL sprouting?
| DCL sprouting relative to control
For motor cortex projections, CST sprouting following a DRL/DCL was found to be significantly lower than the simple sum of sprouting observed in DCL and DRL animals (F 6,10 = 202.91; p < .0001), when all subregions (D, M, and V) and both sides of the cord were included.
Bonferroni-corrected post hoc tests for each of the six regions showed that this was due to significant non-additive effects of the lesion types (DCL and DRL) in Dorsal and Medial contralateral, and
Medial ipsilateral subregions (see Figure 7) .
Similarly, for S1 cortex projections, sprouting in DRL/DCL animals was also significantly lower than the simple sum of sprouting following DCL and DRL (F 6,10 = 13.39; p = .0003), when all subregions and both sides of the cord were included. Bonferroni-corrected post hoc tests for each of the six subregions showed that this was again due to significant non-additive effects of the lesion types (DCL and DRL), this time in the Dorsal and Medial contralateral subregions only.
| Does DCL differ from DRL/DCL sprouting?
For motor cortex projections, sprouting observed after DRL/DCL was always significantly greater than that following DCL alone (F 6,10 = 74.77; p < .0001). Bonferroni-corrected post hoc tests
showed that this was due to significantly greater sprouting in all three ipsilateral subregions, as well as the Medial contralateral subregion for DRL/DCLs.
For S1 projections, sprouting following DRL/DCL was always significantly greater than that observed after a DCL (F 6,10 = 12.92; p = .0003), for all subregions and sides. Bonferroni-corrected post hoc tests showed that this was due to significantly greater sprouting in the Dorsal ipsilateral subregion only in DRL/DCL animals.
Finally, we compared the extent of terminal labeling in the spinal cord, ipsi-and contralateral to the lesion. While these data are apparent in Figure 7a , our findings are more clearly summarized in Figure 7b . Interestingly, comparisons between M1 and S1 CSTs showed similar trends for both CST subcomponents. In DCL animals, we consistently observed more extensive terminal labeling contralateral to the lesion (see Figures 4-7) , while the opposite was true in DRL/DCL animals, where labeling was more extensive on the side ipsilateral to the lesion (Darian-Smith et al., 2014) . This trend was consistent, however the contralateral/ipsilateral bias only reached statistical significance in S1 DRL (Darian-Smith et al., 2013) and M1 DCL groups. Though we were unable to quantify terminal bouton density differences (as different injections were made in each hemisphere), greater densities visibly corresponded to the side of greatest terminal volume, in all monkeys.
| Total terminal/gray matter distribution volumes
Terminal distributions and gray matter areas were used for the statistical analyses described above, so it was straightforward to estimate Terminal labeling is still extensive in T1 (j-l), but lessens relative to C8 sections. Rexed laminae defined according to Kuypers (1981) , and Morecraft et al. (2013) . Lesion is to the left. Scale bars = 1 mm
| Context
A number of factors should be considered as context for this work.
First, the lesions described in this study were intentionally small and precisely defined, so that the relative involvement of the peripheral and central components could be determined. This contrasts with typical clinical SCIs, which are highly variable, and which can involve larger areas of the cord, and both central and peripheral structures.
Second, we did not extend our statistical analyses beyond segments C6-C8 in this study. The rationale was that this was the region of the cord most directly deafferented by the lesions used, and the region most clearly involved in hand function, and recovery. Third, the hemisphere of origin for the bilateral CST sprouting could not be determined since tracers were injected in an identical configuration in both hemispheres. In contrast to the M1 CST, the S1 CST does not project ipsilaterally in normal animals (Cheema et al., 1984; Galea & DarianSmith, 1997a) , making the bilateral aspect of the S1 CST sprouting particularly curious.
Clearly, the loss of primary afferent activation of spinal and cortical neurons was a primary contributor to pathway reorganization and CST sprouting in our monkeys. However, since the DRL (which resulted in the loss of CST input from the side of the lesion) removed more primary afferent information than a DCL (which led to considerable bilateral CST sprouting), the differences in the CST response shown to inhibit axonal growth following spinal cord (Fabes et al., 2006; Fitch & Silver, 2008; Sorg et al., 2016; Ulndreaj et al., 2017) , and other CNS injuries (Raposo & Schwartz, 2014 ).
While we have no direct evidence of inflammatory changes in our central models of SCI, previous work has shown proliferation of activated astrocytes localized to the spinal lesion zone in monkeys following DRL (Vessal, Aycock, Garton, Ciferri, & Darian-Smith, 2007) . This response was specific to the side of the lesion, had outlasted the acute phase (animals were 1.5-2 months post injury) and also correlated with similar changes in sensorimotor cortex (Vessal & DarianSmith, 2010) . Clearly, more work is needed to investigate the different immune activity associated with peripheral and central injuries, such as those defined in the current study, to ascertain factors enabling the CST sprouting following a DCL or DRL/DCL versus a DRL.
| Anatomical bases for bilateral M1 CST sprouting
In this study, M1 CST sprouting extended beyond normal range within the intermediate zone and ventral horn, and from C1 through T5 following a DCL alone, which was 1.5 segments beyond that seen in uninjured monkeys. This represents an impressive bilateral spontaneous reorganization prompted by a small central injury.
Candidate pathways that could help drive M1 CST bilateral sprouting include transcallosal, ipsilateral CST, and/or brainstem projections, as well as propriospinal and commissural interneurons within the cord. Current evidence is weak, or inconsistent for transcallosal Terminal bouton territory histograms for S1 and M1 CSTs. (a) Each section was divided into dorsal, medial, and ventral zones, and into contralateral and ipsilateral subregions. The contralateral side in the DRL lesion group (n = 2) was used as the control since this did not differ from normal control animals, or published accounts. Asterisks indicate means that differed significantly from their respective controls. Significance was defined as p < .0167 (Bonferonni corrected), since we controlled for multiple comparisons. Lines are only shown where comparisons were statistically significant. Data are plotted as repeated measures LSM +/−SE, thus controlling for differences between monkeys and for systematic differences along the cord. Data are angular transformed (see Methods for details). (b) Shows summary histograms of pooled data for dorsal, medial, and ventral subdivisions to determine differences in the sprouting response relative to the lesion. Comparisons were made between the ipsi-and contralateral sides of the spinal cord, both within and across lesion groups. Findings were always the same for monkeys within each lesion group. Asterisks indicate statistical significance. Note that following a DCL alone (n = 2), more extensive terminal labeling (sprouting) was observed on the contralateral side of the cord, but this was reversed following the combined DRL/DCL (n = 2) pathways playing a major role. Connections between M1 hand representations are modest in normal animals (Jenny, 1979; Rouiller et al., 1994) , and while some studies in SCI and stroke patients report increased communication between the two hemispheres (Lundell et al., 2011; Ward, Brown, Thompson, & Frackowiak, 2003) , others suggest an opposite effect (Bunday & Perez, 2012) . Ipsilateral cortico-cortical pathways may also play a role in the induction of CST sprouting, but their influence is likely to be minimal (Kambi, Tandon, Mohammed, Lazar, & Jain, 2011) , and would not explain the observed disparities in responses between the lesion groups.
Ipsilateral M1 CST projections (Kuypers, 1981) comprise~2% of the CST from the M1 hand/arm region in normal monkeys (Morecraft et al., 2013) . The role of this projection remains unclear (Soteropoulos, Edgley, & Baker, 2011) , though it has been implicated in recovery following spinal injury (Galea & Darian-Smith, 1997a; Nishimura et al., 2007; Rosenzweig et al., 2009) , and may also be adaptive in this study, by providing a pathway to the lesioned side below the lesion.
The brainstem reticular formation, which receives collateral CST input and which gives rise to the reticulospinal tract, may also mediate the bilateral response. This projection can innervate intrinsic hand muscles in healthy monkeys (Soteropoulos, Williams, & Baker, 2012) and is enhanced following corticospinal injury (Zaaimi, Edgley, Soteropoulos, & Baker, 2012) . Premotor, and SMA cortices, which have greater input to the reticular formation than M1 (Fregosi, Contestabile, Hamadjida, & Rouiller, 2017) , may also shape reticulospinal output, and influence bilateral CST sprouting.
Spinal commissural interneurons are also well placed to contribute to compensatory CST sprouting. This diverse group of cells receives input from the major descending motor centers in cortex as well as from peripheral afferents, and studies in cats show that they exert influence over a range of contralateral postsynaptic targets (Jankowska, 2008) . The network is complex and though progress has been made in terms of genetic identification of some subclasses of commissural interneurons in mice (Gosgnach et al., 2017) , and in characterizing functional connectivity in the cat (Jankowska, 2008) , little is known about their role in primates (Soteropoulos, Edgley, & Baker, 2013 Summary schematic comparing terminal distribution patterns of CST boutons following different spinal cord lesions. Schematic combines data from monkeys and shows the averaged terminal territory for each lesion group. The green color represents normal CST terminal territory in both cases. Orange reflects the change in area following a DRL; this is reduced by~40% for S1 and remains robust for M1 with some extension up into dorsal regions. After a DCL (red), the CST sprouts extensively on both sides of the cord for both S1 and M1. This is more pronounced when a DCL is combined with a DRL (blue); here we see hugely expanded terminal fields for both S1 and M1 which now extend further into the thoracic cord. Pink territories for rostral C1 in DCL animals highlights differences in terminal territory extent in the two animals at this level propriospinal system loses its normal primary afferent input from the digits and hand. In response to this, and following the central DCL (and DRL/DCL), but not the DRL alone, we observed indirect support for propriospinal neuron (PN) involvement in an upswing in both M1
and S1 CST sprouting in the rostral cervical segments including C3-C4 (Figures 3-4 , and 8). It is important to note, however, that whilst the PN has been shown to contribute to reaching in cats (Alstermark, Lundberg, Norrsell, & Sybirska, 1981) and hand function in nonhuman primates (Isa, Ohki, Seki, & Alstermark, 2006; Kinoshita et al., 2012; Tohyama et al., 2017) , evidence for a role in humans is more controversial (Pierrot-Deseilligny, 1996) .
| Anatomical bases for bilateral S1 CST sprouting
The S1 CST also sprouted extensively and bilaterally in monkeys that received a small DCL in the present study. These projections extended ventrally within the gray matter, and from C1 through T2, or~1.5 segments beyond the range observed in normal (Figures 4 and 6) monkeys. This was, however, two segments short of the most caudal labeling observed in animals that received a combined DRL/DCL (see Figures 4, 7, and 8) .
Few obvious neuronal pathways exist to drive the bilateral S1
CST sprouting observed following a DCL. Transcallosal fibers connecting S1 hand regions in healthy primates are even more sparse than for M1 (Jones & Powell, 1969; Killackey, Gould III, Cusick, Pons, & Kaas, 1983) , though significant transcallosal connections between areas 2 and 5 (Iwamura, Taoka, & Iriki, 2001 ) could feed back to the area 3b/1 hand region.
Unlike the M1 CST, the S1 CST extends few if any collateral branches across the midline in the cervical cord in normal animals, and there is little evidence that this changes significantly following spinal injury either in this or past investigations (see Figure 6c for rare example of crossing fibers; Darian-Smith et al., 2013 , 2014 . However, the primary somatosensory cortex does project bilaterally to the brainstem reticular formation in our monkeys (Fisher and Darian-Smith, unpublished) , which in turn could drive reticulospinal input to help shape the bilateral sprouting observed.
| What is the role of CST terminal sprouting?
Our findings raise key questions. Why does a combined DRL/DCL induce more CST sprouting than a DCL alone, and what is the mechanistic basis for the interaction between peripheral and central lesions?
We also have yet to determine whether other affected CST subdivisions (e.g., premotor, posterior parietal) sprout following a central or combined spinal injury, to contribute to the recovery process.
What is the relationship between CST sprouting and functional recovery? Our findings, to date, demonstrate that the extent of the CST sprouting does not clearly track with behavioral recovery following SCI. That is, a DRL produces a far more extreme behavioral deficit and recovery than a DCL, yet it results in little M1 CST terminal sprouting and a 40% retraction of S1 CST terminals within the cord (Darian-Smith et al., 2013). In contrast, a DCL on its own (which produces only a subtle initial deficit and recovery), and a combined DRL/DCL (which produces a deficit and recovery similar to the DRL alone), both induce extensive bilateral M1 and S1 CST sprouting. This is important because CST sprouting has long been used as a biomarker of recovery in SCI research, and many studies simply aim to enhance this process globally without fully considering the underlying mechanisms at play. Clearly, more work is needed to understand this complicated process, and the relationship between CST sprouting and functional recovery.
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